• Response of emersion and LPO damage in an estuarine crab in hypoxia were observed.
Introduction
Oxygen is essential for many organisms due to its role in energy production. Reduced energy production due to low oxygen availability may cause alterations in a whole range of functions [1] , which can be harmful to the cell and interfere in cell maintenance. Decreased oxygen in an environment may lead to serious consequences to resident organisms, such as biochemical damage, changes in population distribution patterns, and death. In an aquatic environment, this condition poses a greater challenge because water contains 33 times less oxygen than air [2] and aquatic environments are also subject to greater variation in dissolved oxygen (DO).The pervasiveness of hypoxic and anoxic areas (i.e., with low-or no-oxygen) has increased in recent years, especially in coastal and estuarine zones [3] .
To survive in hypoxic environments, many animals exhibit morphological, physiological and behavioral adaptations. The most common biochemical and physiological responses found in crustaceans that Physiology & Behavior 151 (2015) [97] [98] [99] [100] [101] face hypoxic conditions are reduced locomotive activity and heart rate, increased levels of a respiratory pigment with higher affinity for oxygen, activation of the anaerobic metabolism, and in more extreme cases, metabolic rate depression [4] . In addition to energetic problems that may occur when animals are exposed to hypoxia, the period of reoxygenation can also be dangerous because the generation of reactive oxygen species (ROS) increases [5] . ROS are generated by a dysfunction of the cell during energy production resumption. Animals have several ways of protection to deal with ROS, known as antioxidant defense system (ADS). The ADS system may be enzymatic or non-enzymatic, and this system is important to the organism because ROS are potentially dangerous if they interact with proteins, carbohydrates, nucleic acids, and lipids present in different cellular structures [6] . When ROS interact with lipids it causes lipid peroxidation that consists in lipid degradation, and since the cellular membrane is basically composed by lipid it may lead to cell dysfunction.
In crustaceans, despite the broad range of lethal hypoxic conditions, this group is less tolerant than fishes and mollusks [7] . Therefore, to many crustacean species that live in aquatic habitats that suffer oxygen fluctuations behavioral response could be an important strategy to survive transitory severe hypoxic condition. In general, the behavioral response of mobile animals in hypoxic conditions is to move to more oxygenated areas to prevent or reduce damage caused by hypoxic environments [8] [9] [10] . This behavior is also observed in crustaceans; for example, the blue crab, Callinectes sapidus, initially increases its activity to try to escape from hypoxia but will decrease its activity over time in persistent hypoxia. When exposed to chronic hypoxia, these crabs bury themselves in the sediment to decrease their metabolism and reduce the risk of predation [11, 12] . Another common behavior in some animals when faced with hypoxia is exposure to air. Certain crustaceans are able to perform gas exchange in both aquatic and terrestrial environments [4, 13, 14] and these animals are known as bimodal breathing crabs. This ability can be very useful when these animals are exposed to hypoxia, but if the animal moves between two environments, one with low oxygen and one with high oxygen level with some frequency, this process may impose cycles of hypoxia and reoxygenation, causing oxidative stress. Therefore, these animals must possess adaptations to face challenges presented not only by being on land, such as desiccation, release of carbon dioxide (CO 2 ), and ammonia (NH 3 ), but also by the cycle of hypoxia and reoxygenation, such as ROS generation.
The semi-terrestrial crab Neohelice granulata is a crustacean that inhabits salt marshes and estuarine areas and is widely distributed along the Atlantic coast of South America [15] . Individuals of this species are present in areas that undergo daily changes in DO and are known to dig holes in the sediment [16] where DO levels are even lower, reaching complete anoxia [15] . In this species, the lethal DO concentration for 50% of the population (LC 50 ) is 2.0-2.5 mgO 2 ·L − 1 , and when exposed to severe hypoxia (0.5 mgO 2 ·L − 1 ), the lethal time for 50% of the population (LT 50 ) is 14 h [17] . To survive hypoxic conditions, N. granulata can also move to aerial environments. On land, N. granulata can recirculate water from the branchial chamber over the carapace and can maintain this state for approximately 5 h [18] . In addition, this crab also realizes oxygen intake from the air, through the branchiostegal lung, with the same respiratory rate of aquatic respiration of the gill [18] , however, according to Schmitt and Santos [19] , voluntary exposure time to air under normoxic conditions is 1-2 min.
In semi-terrestrial crabs, aquatic hypoxia followed by exposure to air may induce cycles of hypoxia and reoxygenation, causing damage to these animals. This study investigated whether N. granulata uses the aerial environment to increase survival after exposure to hypoxia despite the challenges of air exposure, how the frequency and duration of this air exposition is and whether this behavior mitigates possible damage (e.g., LPO) caused by hypoxic and reoxygenation cycles.
Materials and methods

Animal maintenance
Adult male N. granulata crabs were captured in salt marshes in Rio Grande -Rio Grande do Sul, Brazil. They were kept in an aquatic holding facility at Universidade Federal do Rio Grande -FURG under controlled conditions. The crabs were acclimated for at least 15 days before the experiments started. Individuals were kept in tanks, with free access to air at 20°C, 20‰ salinity, 12L:12D photoperiod, 6.5 mg·L −1 oxygen concentration, and they were fed ad libitum with ground beef three times a week until the day of the experiment. The experiments were divided into 3 (mortality, behavior and lipid peroxidation) and each part was performed separately.
Mortality
Animals were divided into three groups of 10 crabs each, and the experiment was repeated 3 times with different animals. The control group individuals were maintained in aquaria with two environments, normoxic water (6.0 mg O 2 ·L −1
) and land, and they could move freely between these environments. In the hypoxia/air exposure group, individuals were also put in aquaria with two environments, hypoxic water and land, and they could move between both environments ( . Salinity, photoperiod and temperature conditions were the same as during the acclimation period. The oxygen concentration in the aquaria was continuously monitored with a portable oximeter (DO-5519, Lutron Electronic Enterprise CO). The results are presented as cumulative percentages.
Behavior
Crab movement was monitored continuously in the following three aquaria zones: water, intermediate, and land zones (Fig. 1) . The animals could move freely between zones. The crab's position was classified as "water zone" when individuals were fully submerged, "intermediate zone" when individuals were half in and half out of water, and "land zone" when they were completely out of the water. Crab movements Fig. 1 . Aquarium setup in which air exposure behavior was recorded. Individuals were on "land" when completely exposed to air with no contact with water; "intermediate" when the cephalothorax was in contact with both water and land zones; and in the "water" zone when fully submerged.
were recorded (Sony DCR-SR68) for 270 min in two treatments, control and hypoxia/air groups (same groups as previously described). In the control group, the animals were exposed to normoxic water (6.0 mg O 2 ·L − 1 ) with free access to air, and in the hypoxia/air access group, the animals were exposed to hypoxic water (0.5 mg O 2 ·L −1 ), also with free access to air. The exposition time was provided by Geihs et al. [17] who found that after 240 min (4 h) in severe hypoxia (0.5 mg O 2 ·L −1
) followed by 30 min of reoxygenation it is possible to notice LPO damages to N. granulata. For all groups, when the animals entered the experimental environment, the oxygen concentration had already reached their final oxygen concentration before individuals were placed.
This experiment was conducted with 5 individuals per aquarium, and each trial was done in triplicate. Videos were analyzed using the following two variables: total time spent in each zone and time spent in a zone each time it entered that zone.
Lipid peroxidation (LPO)
Crabs were divided into 4 groups for the LPO analyses. The control, hypoxic, and hypoxic/air exposure groups were as previously described. In the fourth group, the hypoxia/reoxygenation group, individuals were kept in hypoxic water (0.5 mg O 2 ·L − 1 ) for 4 h and then transferred manually to normoxic water (6.0 mg O 2 ·L −1 ) with free access to air for 30 min. In all groups, the final oxygen concentrations had been reached when the crabs entered each treatment.
After treatment the animals were anesthetized on ice and the second pair of pereiopods of each crab was immediately dissected with a scalpel and the muscle samples were frozen (−80°C) until LPO quantification.
A modified FOX assay was used [20, 21] for LPO determination. This assay quantifies lipid hydroperoxides, one of the main products of lipoperoxidation. Muscle samples were weighed, homogenized in cold methanol (4°C), and centrifuged for 10 min at 4°C and 1000 × g and the supernatant was collected for use in the analysis. FeSO 4 (1 mM), H 2 SO 4 (0.25 M), xylenol orange (1 mM), and MilliQ water were added to the supernatant and samples were incubated for 375 min. Absorbance was read at 550 nm (Victor 2, Perkin-Elmer, Waltham, MA, USA). After adding cumene hydroperoxide (CHP), absorbance was read again. LPO was expressed in nmol of CHP·g −1 of wet tissue.
Statistical analysis
All data are presented as the mean ± standard error. Mortality data are presented as LT 50 estimated by a nonlinear sigmoid regression equation. Normality and homoscedasticity were checked, and when necessary, the data were transformed to fulfill the necessary assumptions for parametric analysis. A factorial analysis of variance (ANOVA) was used for behavior data, and a one-way ANOVA was used for LPO data; the Newman-Keuls post hoc test was then used on both datasets.
Results
In the survival analysis, the control and hypoxia/air exposure groups had 100% survival. However, individuals in the hypoxia group began to die after 600 min (10 h). The LT 50 was 1692 min (28.2 h), with an upper limit of 1749 min (29.15 h) (95% confidence interval, CI). In this group, 100% mortality was verified after 2040 min (34 h) (Fig. 2) .
The control group spent more time (p b 0.05) under water (187.4 ± 20.2 min; 70% of the time) than on land (63.0 ± 19.3 min; 23% of the time) or in the intermediate zone (19.6 ± 4.5 min; 7% of the time). In contrast, when animals were exposed to hypoxic water with the option to move to air (hypoxia/air exposure), they spent more time (p b 0.05) on land (135.3 ± 17.7 min), corresponding to 50% of the time. The nextmost-used zone for these individuals was the intermediate zone (87.7 ± 16.7 min), where they spent 33% of the time. They spent only 17% of the time under water (46.9 ± 8.5 min) (Fig. 3) .
The analysis of the time spent in each zone per entry shows a similar pattern to the total time analysis. Control individuals spent more time in the water each time they entered this environment, with an average of 20.9 ± 9.6 min and an upper limit of 41.9 min (95% CI). After this time, individuals usually transitioned to another environment, spending on average 1.3 ± 0.3 min in the intermediate zone and 3.9 ± 2.2 min on land. In the hypoxia/air exposure group, individuals spent more time on land (13.9 ± 3.9 min), with an upper limit of 22.4 min (95% CI), after which time they went primarily to the intermediate zone (4.6 ± 0.6 min with an upper limit of 6 min) and spent very little time (1.9 ± 0.3 min with an upper limit of 2.5 min) in the water zone (Fig. 4) .
In the LPO analysis, the control (1245.8 ± 249.9 nmol CHP·g ) (Fig. 5) . The hypoxia/air exposure and hypoxia/ re-oxygenation groups presented higher levels of LPO damage than the other groups, indicating that air exposure does not prevent the damage caused by hypoxic water.
Discussion
Hypoxic areas have been increasing worldwide, and low oxygen areas affect organisms in many ways. Estuarine environments are constantly exposed to fluctuations in oxygen availability. Several crab species live in estuarine environments and are frequently exposed to ) with free access to air (hypoxia/air exposure). Only the hypoxia group presented mortality during the experimental period. Data are mean ± standard error of three replicates. hypoxia. Nonetheless, despite living in an environment with broad DO fluctuations, crustaceans are not tolerant to these conditions [7] . Although the crab N. granulata lives in estuarine environments and is exposed to hypoxia, the oxygen LC 50 for this species is 2.0-2.5 mgO 2 ·L −1 [17] . Air exposure may be a strategy used by some coastal species to survive hypoxia.
When forced to stay on land, N. granulata began dying after 17 h and had an LT 50 of 39.5 h [19] . We observed 100% survival for control individuals exposed to normoxic water and those exposed to hypoxic water with free access to land (hypoxia/air exposure), whereas in the submerged hypoxia group, the LT 50 was 27.8 h. Our findings indicate that although these crabs do not survive when forced to remain in either air or hypoxic water, survival rates increase when they have free access to both conditions. When animals were exposed to hypoxic water while given the option of emerging into air, they decreased their time spent in hypoxic conditions and increased their exposure to air, thereby increasing survival to 100% compared to individuals kept submerged in hypoxic water.
N. granulata spent substantially more time on land to avoid hypoxic water conditions. However, this species is not fully adapted to land dwelling, as evidenced by features such as a thin diffusion barrier [22] and a relatively high gill area [18] that disallowing a long exposure to air. To perform aquatic gas exchange either under water or on land, N. granulata carries water inside the branchial chamber when exposed to air. To re-oxygenate the branchial chamber water, N. granulata recirculates it over the carapace. Individuals begin this process as soon as they are exposed to air and can maintain this circulation for approximately 5 h [18] . Water stored inside the branchial chamber is the first but not the only source of oxygen for this species. N. granulata is also capable to perform aerial gas through a structure called branchiostegal lung [18] .
A previous study found that the time of voluntary exposure to air for N. granulata was 1.9 min under normoxic conditions [19] , which is similar to the 3.9 min we found for our control group. In both cases, individuals spent most of their time submerged. Under hypoxic water conditions, habitat use is opposite to that observed in normoxic conditions. Individuals spent more time exposed to air, approximately 14 min, with frequent excursions to intermediate or water zones. When returning to the water, N. granulata seemed to prefer the intermediate zone to full submersion in hypoxic water. A possible reason for this preference is the proximity to the aerial environment and the water surface where oxygen availability is higher. This behavior has been observed, for example, in some sculpin fish species, which present aquatic surface respiration and aerial emergence when exposed to hypoxic water [23] . The crab Carcinus maenas also emerges into the air by straightening its walking legs, raising its body out of water, and bubbling [24] . Intermediate zone preference may also occur because individuals can release CO 2 and ammonia and continue to recirculate water over the carapace. The accumulation of CO 2 during air exposition has not only been reported for N. granulata [25] but also for other crustaceans [4, 26] .
Changing zones, from hypoxic water to air, may expose individuals to cycles of hypoxia. Despite the adaptations of N. granulata to aerial exposure, the cycle of hypoxia and reoxygenation still causes damage. LPO damage mainly occurs in the reoxygenation period. Previous studies have shown that there was no LPO damage during 1, 4 and 10 h of hypoxia, but after 30 min of reoxygenation in normoxic water, there was an increase in LPO levels that only returned to normal after 2 h of reoxygenation [27] . We did not find an increase in LPO in the control and hypoxia groups, but we did find an increase in LPO in the hypoxia/air exposure and hypoxia/reoxygenation groups. This finding indicates that despite free access to water and land, the hypoxia/air exposure group still undergoes oxidative stress, possibly generating ROS due to hypoxia and reoxygenation. The return from land to water may act as a series of small hypoxia and reoxygenation events, having the same effect of a larger event. In this case, the reoxygenation caused by air exposure is not enough for N. granulata to fully recover from the damage caused by hypoxic water. Previous studies with this species found that when exposed to severe hypoxia for 1 h, N. granulata needed at least 30 min under normoxic conditions to recover from the hypoxia, approximately 6 h recovery after 4 h exposure, and 12 h recovery time after 10 h exposure [17] . Apparently, being on land does not allow N. granulata to recover from hypoxic water. Under hypoxic conditions, we found that N. granulata spent approximately 14 min on land, after which they returned to the water, spending 5 min in the intermediate zone or 2 min in hypoxic water, subjecting individuals to repeated cycles of hypoxia and reoxygenation. People with sleep apnea suffer cycles of hypoxia and reoxygenation cycles during sleep period, and recent studies have found that apnea may cause lipid peroxidation [28] . In addition to LPO damage, cycles of hypoxia and reoxygenation can interfere with animal life in different ways. For fish, these cycles can increase competition, reduce prey abundance, and change the benthic invertebrate assemblage, which can interfere with growth rates [3, 29] . Cyclic and constant hypoxia also interferes with the growth rates of larval Palaemonetes vulgaris [30] . Cyclic hypoxia exposure may also decrease the number of broods, as observed in female Palaemonetes pugio [31] . Additionally, the crab Thalamita danae alters its feeding patterns when exposed to cycles of hypoxia [32] . In normoxic conditions, T. danae do not exhibit prey size preference, but under cyclic hypoxia, they prefer medium mussels to small or large ones.
The pattern in which N. granulata exposes itself to air is not continuous, being interspersed with incursions into the water. This repeated entrance and exit into the water probably cause small cycles of hypoxia and reoxygenation that lead to LPO damage. These small cycles resemble a larger hypoxia and reoxygenation event increasing LPO damage, though not enough to cause death. When faced with severe hypoxia, N. granulata increases exposure to air, and by doing so, increases its survival rate to 100%.
